A change in the conformation ofthe active site of scallop myosin under the influence of regulatory amounts of Ca2+ has been identified by use of the ADP photoaffinity analog 2-[(4-azido-2-nitrophenyl)aminolethyl diphosphate (NANDP).
shifted the predominant labeling to Cys-198 of the heavy chain in a Ca2+-dependent manner. This Ca2+-dependent change in the photolabeling pattern was absent when the regulatory light chains were removed or when the unregulated head (subfragment 1) was examined under similar conditions. These results demonstrate that both Arg-128 and Cys-198 are part of the purine binding site which undergoes a conformational change in response to Ca2+ binding to the regulatory domain.
There are two fundamental mechanisms by which Ca2+ regulates muscle contraction. These are either actin-based or myosin-based systems (for review, see ref. 1). Actin-based regulation is present in both skeletal (2, 3) and cardiac muscle (4) . Here Ca2+ binding to troponin C on the thin filament promotes the high-affinity binding of myosin to actin necessary for contraction (for review, see ref. 5 ). In myosin-based systems Ca2+ regulates indirectly through a secondmessenger system or by direct interaction with the myosin. For smooth muscle such as gizzard (6, 7) and nonmuscle cells such as macrophages (8) , phosphorylation of the regulatory light chain (RLC) by a Ca2+-calmodulin/myosin light-chain kinase complex is a prerequisite for actin-activation of myosin ATPase activity (for review, see ref. 9 ). Molluscan myosin, such as that found in scallop, is regulated by Ca2+ binding directly to myosin (10, 11) , which causes an -'100-fold increase in the rate of ATP hydrolysis over that observed in the absence of Ca2+ (12) .
In scallop myosin Ca2+ alters the rate ofATP hydrolysis by binding to a regulatory domain composed of the two light chains and a portion of the heavy chain located near the head-rodjunction (13) . Ca2+ binding to this domain increases the ATPase activity by causing a shift in the relative position of the light chains (14) (15) (16) and affects the interaction between the RLC and the heavy chain (11, 17, 18) . The results of these conformational changes have been seen in electron micrographs in which the heads on myosin filaments shift from an ordered array in the absence of Ca2+ to a disordered array in its presence (19) . Kinetic studies of the scallop myosin ATPase (12, 20, 21) have suggested that Ca2+ binding to the myosin causes conformational changes at both the purine and phosphate binding sites. However, no information is available about specific amino acids within the active site that may be involved with the conformational changes associated with Ca2+ regulation.
One method of identifying conformational changes in proteins is through photoaffinity labeling (22, 23, 24) . The photoreactive ADP analog 2-[(4-azido-2-nitrophenyl)amino]-ethyl diphosphate (NANDP; Fig. 1 ) has been used to photolabel the purine binding site ofboth skeletal (25) and scallop (26) myosin. Although NANDP and ADP share only the diphosphate moiety, NANDP has proved to be an excellent analog of ADP. Both NANTP and ATP are hydrolyzed by skeletal (27) and scallop (26) myosin with similar kinetic properties, and NANTP, like ATP, supports tension development in skeletal muscle fibers (28) . Molecular modeling of NANDP (S. Johns and R.G.Y., unpublished observations) demonstrated that the aryl azide is in essentially the same position as the aryl azide of 2-azido-ADP, when the purine ring is in the anti-conformation. Moreover, both NANDP (27) and 2-azido-ADP (H. Kuwayama, J. Grammer, and R.G.Y., unpublished results) photolabel Trp-130 of skeletal muscle myosin (25) . The analogous amino acid in scallop myosin is Arg-128, which is also photolabeled by NANDP (26) col, were a generous gift from Andrew G. Szent-Gyorgyi. Myosin was purified from the striated adductor muscle according to the method of Chantler and Szent-Gyorgyi (29) as modified by A. G. Szent-Gybrgyi (personal communication) and described by Kerwin and Yount (26) .
Desensitized scallop myosin. The RLC was removed (30) and the desensitized myosin was used immediately for photolabeling studies. Removal of the RLC was confirmed by urea gel electrophoresis (31) .
Scallop myosin subfragment I (S). S1 that contained both light chains was prepared by papain digestion of scallop myosin and purified by the method of Stafford et al. (32) as modified by Szentkiralyi (33) (36) . After irradiation, the Mg2+-and Ca2+-free sample was brought to 2mM in MgCl2 and 0.11 mM in CaCl2, and all samples were made 5 mM in EGTA and 10 mM in EDTA. These samples were incubated at 25°C for 10 min and cooled on ice, and the S1 was isolated and digested with trypsin as described (26) . Purifications of Peptides by HPLC. Separations were performed as described (26) . For (26) , so that 48% of the active sites were trapped with [/3-32P]NANDP (data not shown).
However, the presence of Mg2+ and Ca2+ increased the photoincorporation of the trapped (-32P]NANDP to a total of about 50%, compared with 35% observed previously in their absence (26) . This level of photolabeling did not increase for a period of more than 5 hr after the light was turned off, indicating that no dark-reaction labeling occurred (data not shown). Furthermore, no distinct radiolabeled peptides were evident following tryptic digestion and HPLC analysis of scallop myosin trapped with the MnADP-Vi complex and photolyzed in the presence of free [f-32P]NANDP (equal to half the total number of ATP binding sites; data not shown). These data are in agreement with our previous findings (26) that in the absence of added Mg2+ and Ca2+, t332P]NANDP photoincorporated specifically into the active site of scallop myosin.
Isolation and Amino Acid Sequence Analysis of the Photolabeled Peptides. Papain S1 isolated from scallop myosin photolabeled with [3-32P] NANDP in the presence of 2 mM Mg2+ and 10 uM Ca2+ was digested with trypsin and chromatographed on a C8 reversed-phase HPLC column (Fig. 2) . Two predominant radioactive peaks were eluted at approximately 28% (peak I) and 48% (peak II) solvent B. The radioactivity that was eluted with 100% solvent A (1-20 min) represented 15% of the recovered radioactivity, whereas that eluted with peak I (47-49 min) represented 29% and that eluted with peak II (64-70 min) represented 20%o of the recovered radioactivity. We isolated the peptide(s) within peak I (P1) or Mg2+, pCa 5, was photolabeled as described in Materials and Methods. Papain S1 was prepared and digested with trypsin, and the tryptic peptides were loaded in two steps onto a Brownlee RP-300 semipreparative column equilibrated in 0.11% trifluoroacetic acid (solvent A). The column was developed with a 1%/min linear gradient of 0.1% trifluoroacetic acid/60%oacetonitrile (solvent B) at a flow rate of 2 ml/min. One-minute fractions were collected. Aliquots (100 IL1) were analyzed for their 32pcontent (hatched bars).
The upper trace is A215 and the lower trace is A320.
Proc. Natl. Acad. Sci. USA 90 (1993) from the series of HPLC separations shown in Fig. 3 . The peak I material was injected on an analytical column equilibrated in 0.11% trifluoroacetic acid, and the bound peptides were eluted with a 0. 1%/min gradient of 0.1% trifluoroacetic acid/60%o acetonitrile. The radioactive peak was rechromatographed on the same column equilibrated in 5 mM P'(pH 6.9) and the bound peptides were eluted with a 1%/min gradient of 65% acetonitrile in water (data not shown). Reversedphase HPLC purification ofthe labeled tryptic peptide within peak II was carried out as described (26) .
The results of pulsed liquid-phase sequencing of photolabeled peptides from peaks I and II (Table 1) indicate that each peak contained only one unique photolabeled peptide. The amino acid sequence of peptide I (from peak I, Fig. 2) was Val-Ala-(X)-Ala-Val-Lys, where X corresponded to in the sequence of the scallop myosin heavy chain (37) . This sequence represented 96% of the sequenced material. Radioactivity began to be eluted during the third cycle of analysis and dropped off with each subsequent cycle, indicating that the labeled amino acid was Cys-198. The positively charged Polybrene-coated filter retained 75% of the radioactivity used for sequencing, as would be expected for the negatively charged phosphates of the [13-32P]NANDP photoadduct. The appearance of phenylthiohydantoin adducts of Val, Ala, and Lys indicated that they were not photolabeled.
The major peptide present in peak II was (X)-Leu-Pro-IleTry-Thr-Asp-Ser-Val-Ile-Ala-Lys (Table 1) , where X corresponds to Arg-128 of the scallop myosin heavy chain sequence (37) . No other peptides were detected during sequence analysis. Evidence that Arg-128 was the photolabeled amino acid stems from our previous study (26) Fig. 2 , except that the Ca2+ concentration of the photolyzed samples was adjusted by addition of EGTA. Aliquots (100 ,ul) of each 2-ml fraction were analyzed for their 32p content. Tryptic peptide radioactivity profiles from scallop myosin photolabeled at pCa 5, 6, 7, 8, and 9 (A-E, respectively) are shown. Radioactivity is expressed as a percentage of the total radioactivity collected during each HPLC separation up to 70 min into the gradient. lent metal ions, only the peptide in peak II was radiolabeled (26) . As shown above, addition of Mg2+ and Ca2+ prior to photolabeling dramatically changed the photolabeling pattern. To examine whether this change was correlated to Ca2+ regulation in myosin, we repeated the separation shown in Fig. 2 with samples that were photolabeled at various Ca2W concentrations (Fig. 3) . Increasing the Ca2+ concentration from pCa 9 ( Fig. 3E ) to pCa 5 ( Fig. 3A) between pCa 9 and pCa 5, while the radioactivity eluted in the void volume, which presumably contained photolyzed NANDP, decreased from 20% to 16%. Between pCa 8.5 and 6.5 (Fig. 4) the percentage of radioactivity that was eluted with the Cys-198-photolabeled peptide (Fig. 4A) increased sigmoidally with an overall change of -8%-i.e., 21% at pCa 9 and 291% at pCa 5. In contrast, the percentage of radioactivity eluted with the Arg-128-photolabeled peptide decreased from ==26% to 22% over the same pCa range. These changes in the photolabeling pattern were reproduced with four different scallop myosin preparations and two different 11-32P]NANDP preparations over a period of 10 months. The change in the photolabeling pattern between pCa 9 and 5 is in agreement with the known Ca2+-dependent activation of scallop myosin (10, 11) .
Photolabeling of Desenszed Scallop Mysn and SI. To investigate the possibility that the Ca2+-induced changes in the photolabeling pattern of Cys-198 and Arg-128 (Figs. 3 and 4) were mediated through the RLC, desensitized scallop myosin (no RLC) was photolabeled under varying pCa conditions. Desensitized myosin trapped NANDP to the same extent as native myosin and was photolabeled to an equivalent degree (data not shown), indicating that removal of the RLC did not significantly alter the affinity of the active site for the MnNANDP-Vi complex. In the presence of 2 mM Mg2+ the photolabeling pattern of the desensitized myosin did not change with the Ca2+ concentration (Fig. 5) , so that the Arg-128-and Cys-198-photolabeled peptides represented 24% and 19%o of the photolabeled peptides, respectively. These results indicate that removal of the RLC prevents changes in the photolabeling pattern observed with varying Ca2+ concentrations in the presence of Mg2+ and that photolabeling of Cys-198 is not induced by Mg2+ binding to the RLC.
The papain S1 of scallop myosin (which contains both light chains) binds Ca2+ in a manner similar to the native protein, although the active site is no longer responsive to changes in the Ca2+ concentration (32) . Papain S1 trapped [L-32P]NANDP almost stoichiometrically with Mn2+ and Vi, and =24% of the NANDP was photoincorporated (data not shown). The photolabeling patterns of the S1 complex were the same at pCa 5 or 9. Arg-128-photolabeled peptide was the major photoadduct, containing --22% of the recovered radioactivity (Fig. SB) . The Cys-198-photolabeled peptide contained only 2.5% of the recovered radioactivity (Fig. 5A) . Moreover, the photolabeling pattern of S1 remained the same in the absence of added Mg2+ and Ca2+. Similar results were obtained when either desensitized or native myosin was photolabeled in the absence of added Mg2+ or Ca2+; i.e., Arg-128 was the major photolabeled amino acid. These data suggest that the interaction(s) of Mg2+ and Ca2+ which promote photolabeling of Cys-198 in whole or desensitized myosin are absent in S1.
DISCUSSION
The purpose of this study was to use NANDP to probe for possible changes in the structure of the active site of scallop myosin that are induced by regulatory levels of Ca2+. When the NANDP-trapped scallop myosin complex was photolyzed in the presence of Mg2+ and Ca2+, two predominant 1si 5|} , . . S. radiolabeled tryptic peptides (P1 and P2) were observed upon HPLC analysis (Fig. 2) . Sequence analysis of the purified P2 peptide demonstrated that it was identical to the previously sequenced Arg-128-photolabeled peptide (26) . The percent photolabeling of P2 decreased from =48% in the absence of added Mg2+ and Ca2+ (26) to 22% (Fig. 4) in their presence. This decrease in labeling of P2 was paralleled by an increase in photolabeling of a new tryptic peptide, P1 (Fig. 2) . Sequence analysis of P1 showed that Cys-198 ofthe heavy chain was the photolabeled residue. The largest increase in photolabeling of Cys-198 occurred on addition of 2 mM Mg2+ (Fig.  5) , with more modest increases occurring on addition of regulatory amounts of Ca2+ (0.01-1 ,uM). These results indicate that both Arg-128 and Cys-198 are part of the purine binding site and that they move relative to NANDP (and presumably ADP) upon binding of Ca2+ to the regulatory domain.
The effects of Mg2+ on the photolabeling pattern of NANDP-trapped scallop myosin (Fig. 5) were not due to Mg2+ binding the RLC. In the presence of 2 mM Mg2+ and at pCa 9, Cys-198 was photolabeled to -21% of the total incorporation of either native myosin or desensitized myosin (no RLC) but was photolabeled to only 2-4% in their absence. Furthermore, for papain S1 (which contains both light chains and binds Ca2+ to a similar degree as the native protein), Arg-128 was the major photolabeled amino acid regardless ofthe reaction conditions. These results show that the effects of Mg2+ (and Ca2+) on the labeling pattern require an intact head-rod junction. It is possible that Mg2+ exerts its effects by binding to low-affinity sites (38, 39) (40, 41) .
The addition of 0.01-1 uM Ca2+ directly influenced the photolabeling pattern of scallop myosin with NANDP (Fig.  4) . Over this range the photolabeling of Cys-198 increased in a sigmoidal fashion similar to the known Ca2+-binding and Ca2+-activated actomyosin ATPase activity (10, 11) , while the photolabeling of Arg-128 decreased. Ca2+ binds to a regulatory complex on the myosin head composed of both the RLC and the essential light chain and a 10-kDa fragment of the S1 heavy chain located near the head-rod junction (13) . The RLC modulates the effects of Ca2+ binding on the actomyosin ATPase activity, since removal of the RLC (17), mutations within the RLC (18), or antibodies directed against the RLC (42) desensitize the myosin so that the active site is unaffected by Ca2+. In agreement with these studies we detected no significant difference in the photolabeling pattern of Cys-198 or Arg-128 for desensitized scallop myosin photolabeled at either pCa 9 or 5 (Fig. 5) . Since Ca2+ does not bind to desensitized myosin (17) , these data suggest that the changes observed in the photolabeling pattern of native myosin were due to Ca2+ binding to the regulatory complex.
The change in position of Cys-198 relative to the nucleotide upon addition of Ca2+ suggests it may be involved in the regulatory pathway between the regulatory complex and the active site. Regulatory conformational changes and force production may occur through segmental flexibility at the tryptic junctions, as well as through surface interactions between the major tryptic subfragments (43, 44) . In the "off" (or conformationally "tense") state, the specific interactions between light and heavy chains may produce an "off" structure for the catalytic domain, preventing the motions required for a cycle of ATP hydrolysis (i.e., preventing release of the hydrolytic products ADP and Pi). Ca2+ binding to the regulatory domain may cause a transition to the "on" (or conformationally "relaxed") state by weakening interactions between the regulatory domain and the major tryptic subfragments, thereby allowing internal motions necessary for ATP hydrolysis and/or product release. Because Cys-198 is adjacent to the carboxyl-terminal side of the 25/50-kDa tryptic junction, we suggest that the movement of and Arg-128 which we have observed upon binding of Ca2+ is a component of the transition from the tense to the relaxed state.
To our knowledge this is the first evidence that (45) . Whether this region of gizzard myosin is also close to the ATP binding site remains to be determined.
